In stainless steels, microstructural damage is caused by precipitation of chromium carbides or sigma phase. These microconstituents are detrimental in stainless steel welds because they lead to weld decay. Nevertheless, they are prone to appear in the heat affected zone (HAZ) microstructure of stainless steel welds. This is particularly important for repairs of industrial components made of austenitic stainless steel. Non-destructive metallography can be applied in welding repairs of AISI 304 stainless steel components where it is difficult to ensure that no detrimental phase is present in the HAZ microstructure. The need of microstructural inspection in repairs of AISI 304 is caused because it is not possible to manufacture coupons for destructive metallography, with which the microstructure can be analyzed. In this work, it is proposed to apply in situ metallography as non-destructive testing in order to identify microstructural damage in the microstructure of AISI 304 stainless steel welds. The results of this study showed that the external surface micrographs of the weldment are representative of HAZ microstructure of the stainless steel component; because they show the presence of precipitated metallic carbides in the grain boundaries or sigma phase in the microstructure of the HAZ.
Introduction
Traditionally, "Metallography in situ" or "non-destructive metallography" has been carried out in components that work at critical temperatures, because this nondestructive test gives information about the mechanism of microstructural degradation in these type components. As an example, it can be mentioned the tubes exposed to direct fire that are applied in industrial boilers [1] [2] [3] . Because there is a close relationship between Soldagem & Inspeção. 2016 ;21(2):137-145 microstructure, mechanical properties and corrosion resistance in stainless steel, the microstructural damage of stainless steel can be evaluated through metallography [4] [5] [6] .
Failure of Stainless Steel Welds Due to Microstructural Damage Prevented by In Situ Metallography
Due to the application of austenitic stainless steel in the manufacture of components for the chemical, petrochemical and food industries, this work focuses on the study of microstructural damage in the heat affected zone (HAZ) of AISI 304 stainless steels, especially of components that need to be repaired by Tungsten Inert Gas welding (GTAW).
The arc welding process is applied to joint industrial components of austenitic stainless steel; this process involves the melting and solidification of a filler metal for joining two base metals [7] . This heating-cooling thermal cycle leads to localized phase transformations (heat affected zone: HAZ) in the base materials to join [8] . However, the welding process is also applied to repair damaged components, so microstructural damage can occur. However in repair welding, it is not a common practice to control the microstructural damage caused by this process.
Nondestructive tests are carried out on a component without affecting it; so they are used to ensure the overall quality of welded component [7] . But there is no nondestructive testing for assessing of HAZ microstructure in austenitic stainless steel free from detrimental microconstituents, which is very important for the integrity of welding in austenitic stainless steels to prevent unexpected failures that might result in production breakages or accidents [8] [9] [10] [11] [12] . The monitoring of the microstructure becomes critical; because in daily practice the process of repair by welding is carried out based on the welders' expertise, so there are cases where damage in the HAZ of the repaired component appears in a very short time [10] [11] [12] .
In order to make clear the necessity of monitoring the state of the microstructure in stainless steel weldments, especially in the HAZ; the following case is shown because it illustrates the need for in situ metallography stainless steel welded joints. With this case it is demonstrated that this type of failure can happen after the welding process. In this case, chiller tubes made of AISI 304 austenitic stainless steel were welded and after it they were tested with the pressure test using common tap water. After a few days, those tubes showed leakages in areas adjacent to the weld. In the inner surface of the tubes was evidence of reddish corrosion products as seen in the Figure 1 . Figures 3A and 3B show the microstructure with corrosion damage, where metallic carbides and sigma phase are precipitated in the HAZ of this stainless steel weldment [9] [10] [11] [12] [13] .
Pitting in the HAZ as well as a microstructure in this region with sigma phase and metallic carbides indicated that these microconstituents in conjunction with the chlorine and sulfur of the tap water, which was housed inside this tube, caused the leakages due to corrosion. In literature, as in this case, it has been demonstrated that failures in stainless steel weldments are related to corrosion in the HAZ and they are referred as "weld decay".
In this case, in situ metallography could be applied in welding stainless steel to determine the microstructural integrity of welded joints of stainless steel and to avoid the failure of the component.
Objective
The objective of this work is to reveal the microstructure in the HAZ of AISI 304 stainless steel weldments applying in situ metallography and to compare the microconstituents showed with this technique with the microstructures seen with conventional laboratory metallography. This comparison is carried out in order to define in situ metallography as capable to reveal detrimental microconstituents in the HAZ that led to weld decay.
Methodology
The experimental technique followed for the authors is explained in this section. The materials utilized in this work were AISI 304 austenitic stainless steel as base material and 309S stainless electrodes as filler metal (ER 309L). The typical chemical compositions of these materials are shown in Figure 4 . Due to evidence of carbide precipitation in the microstructure of the "as delivery" base material, it was necessary to carry out a carbide solution heat treatment at 1100 °C, before it could be welded. First, four stainless steel samples were welded through automatized GTWA. After welding, they were inspected by no destructive techniques. Then, in order to simulate a welding repair, the welded specimens were manually welded utilizing GTWA process. The welding conditions are shown in Table 2 .
The specimens were inspected through magnifying glasses to determine its surface condition and the general characteristics of the discontinuities exhibited on the weld seam of the 4 specimens. As it is shown in Figure 5 no discontinuities welding as undercuts, arc strikes, splashes or other type of discontinuities were observed.
The welded specimens were inspected through visual testing and X-ray radiography. The equipment was a V tube X-IT, and the conditions were: 175kV power, current of 5 mA, 40 cm and with an exposure time of 60 sec. Figure 6 shows discontinuities such as: Tungsten inclusions (yellow arrows) and lack of fusion (red arrows) that were found in one of the welded samples. The welding repairs were carried out selecting the area of interest and then this area of the welded specimen was grinded by abrasive silicon carbide disc. After that, they were grinded for repairing in the locations that the nondestructive testing showed evidence of indication. The specimens were welded through manual GTAW process. One example of the repairs is shown in Figure 7 . The welding conditions were: ER 309L electrode with a wire diameter ø = 1/32 as filler metal, a Syncrowave 350Lx Miller welding machine; and welding current around 70A. Before, the repaired specimens were prepared for in situ metallography; the welding reinforcement was removed by grinding. The external surfaces of the HAZ in welded joints were prepared for in situ metallography. In order to reveal the microstructure the location, it was chemical etched with a solution of 15ml HCl, 10ml HF, HNO3 10ml, and 3 drops of glycerin, using a swab [14] [15] [16] . These microstructures were observed using a Struers DIN WF 10X / 18 field microscope and photographs were taken with Canon Power Shot A3400 IS HD camera.
Finally after the nondestructive metallography, these specimens were cut in the area of the in situ metallography in order to be prepared for conventional laboratory metallography the transversal area of the welded joints following ASTM E3-11 [14] . The microstructures were revealed by electrochemical etching, which was carried out with oxalic acid 10% (100ml distilled water and 10 g oxalic acid.) [15, 16] ; in a Buehler electromet during 50 seconds and with 4V. The observation was made on a brand NIKON EPIPHOT 200 optical microscope image analyzer.
Results and Discussion
The microstructure of the base material "as delivery" was revealed applying in conventional metallography ( Figure 8A ) and in situ metallography ( Figure 8B ). The microstructure of the stainless steel AISI 304 showed a highly sensitized twinned structure, because there was evidence of chromium carbides precipitated along bands in the direction of cold rolling process. In both cases metallic carbides precipitates in the twinned grains area seen. These microconstituents indicated that the base material must be heat treated in order to dissolve the chromium carbides to prevent failures. Both microstructures showed the same characteristics even when each samples were observed in different planes and they were revealed by different etching methods. These facts indicated that in situ metallography can be applied to identify the metallurgical state of the base material.
Nevertheless, they are differences between the microstructures showed previously; for instance, no evidence of banding can be seen with the in situ metallography. This can be explained by the fact that the microstructure revealed though in situ metallography on the HAZ laid on the perpendicular plane to the thickness of the plate, which is the external surface of the material base. AISI 304 stainless steel with a microstructure that shows precipitated metallic carbides should not be welded because the heat input will make susceptible the material to corrosion. So then, after performing the solution heat treatment, the microstructure must consist on twinned grains with a low amount of metallic carbides, especially those related to TiC and MoC [3, 4, 8, 10, 11] . Figures 9A and 9B show the microstructures of the base material after heat treatment. In this case, both microstructures are comparable to each other and both of them showed qualitative evidence of a reduction in the amount of metallic carbides and grain growth, which indicates that solution heat treatment was succeed and the risk of weld decay was reduced.
In the production of welded components discontinuities such as: lack of fusion or tungsten inclusions must be removed and repaired. Then in this case the defects were removed through grinding. Because during welding repair, this area of the specimen is subject to temperatures high enough to produce microstructural changes, it is necessary to inspect it by metallography. One has to keep in mind that in our case a relative high welding current was applied in order to induce metallurgical damage in HAZ. In Figures 10A and 10B , the microstructure in the HAZ of the one specimen after automatized welding is seen. Those micrographs evidences that both techniques, conventional metallography and in situ metallography, are able to show metallic carbides and sigma phase precipitated in the microstructure. However, conventional metallography is able to demonstrate that the sigma phase is mainly located in the middle of the specimen's thickness. This fact explains the reason of the low amount of sigma phase in the microstructure revealed though in situ metallography. In other words, the external surface of the specimen, where the in situ metallography was carried out, contains a lower amount of sigma phase.
In Figures 11A and 11B , the microstructure in the HAZ of one of the specimens after welding repair is seen. The microstructure revealed though conventional metallography shows a higher amount of sigma phase than in the microstructure of the automatized welding. This fact indicated that the heat input of the welding repair increased the precipitation of this phase, which is detrimental for AISI 304 stainless steel.
It must be explained that the quality of the in situ metallography micrograph cannot be as good as conventional metallography due to the differences in the preparation technique; moreover the first microstructure was revealed through electroetching and the second one was revealed using gliceregia.
In literature it has been probed that sigma phase caused sensitization of the passive layer, which induces corrosion in the material [3, [8] [9] [10] . Moreover, this phase is brittle; so then, microstructures of this type stainless with sigma phase under cyclic loads will be susceptible to fatigue cracking. The fact that in situ metallography is capable to show the existence of sigma phase, grain growth, and precipitated metallic carbides probes that this technique can be applied for reveling metallurgical damage in welded stainless steel. This is especially important in case of welding repairs.
The present work demonstrates that in situ metallography is able to detect metallurgical damage in the HAZ microstructure of AISI 304 stainless steel base materials with precipitated sigma phase and metallic carbides. In case of projects where the process is able to be qualified, the conventional metallographic technique is the best option. Nevertheless, one has to bear in mind that in the field, welding is carried out by humans and normally using SMAW process. Then, components made of stainless steel will be prone to weld decay if, for example, the welder reduces the traveling speed (as it occurred in the case explained earlier in this work). In such case it might be worthy and useful to applied in situ metallography in HAZ in order to evaluate the microstructure after welding.
Furthermore, where there is the need of repairing by welding components made of stainless steel, this technique is very useful for evaluating the integrity of a welded component in order to prevent failures on the repaired components in a short time, which can lead to accidents. So, based on the results previously shown, in situ metallography is proposed as a non-destructive test for inspect weldments and welding repairs of stainless steel.
Conclusions
The previously discussed results of this work led to the following conclusions:
a) It is very important to assess the microstructural integrity of welded components made of AISI 304 stainless steel in order to prevent failures of welded joints due to weld decay.
b) The microstructures revealed through in situ metallography are qualitatively comparable with the microstructures revealed through conventional metallographic technique.
c) There are differences between the microstructures revealed through in situ metallography and the microstructural because the differences in etchant and planes of preparation in the specimens.
d) In situ metallography is able to detect detrimental microconstituents in the HAZ of the austenitic stainless steel, such as precipitated metallic carbides or sigma phase.
e) This study demonstrated that in a weld, the monitoring of the microstructure in the heat affected zone can be carried applying in situ by metallography.
